The pulse shape discrimination capbability of the newly available EJ299-33 plastic scintillator is compared with that of the widely-used EJ301 liquid scintillator, using a digital implementation of the charge comparison algorithm. Typical pulse shapes for neutrons and gamma-rays produced by an Am-Be radioisotropic source are fitted to an analytical model, in order to determine the time constants and relative weightings of the fast, medium and slow decay components of scintillation. These pulse shapes are compared to those generated by a Monte-Carlo simulation, utilising the Geant4 toolkit.
Introduction
The need for a compact neutron detector has grown in recent years, mainly for deployment in aircraft and spacecraft, for minerals exploration, personal and workplace dosimetry and in security, particularly the detection of special nuclear materials. Since neutrons are seldom present without gamma-rays, any useful detector is required to be able to discriminate between the two radiation types. Furthermore, for dosimetry in the upper atmosphere and in space, neutrons in the energy range 1-100 MeV need to be measured.
The light output of certain organic scintillators display both fast and slow decay components, related to the specific energy loss of the recoiling charged particle by the Birks relation [1] . Pulse shape discrimination (PSD), established in the 1950s [2] and developed through the 1960s [3] , allows the identification of different types of charged particles in these scintillator detectors by means of the characteristics of the scintillation decay. Liquid organic scintillators such as the nearlyequivalent NE213, BC501A and EJ301 persist as popular detector-types for this application. Two recent technological developments are assisting the employment of hydrocarbon-based detectors together with PSD in non-laboratory environments. Firstly, the development of solid ("plastic") polyvinyltoluene-based detectors [4, 5] which exhibit PSD capability, such as the EJ299-33 scintillator characterized in this work, removes the toxic and fire hazards associated with most liquid scintillators. Secondly, the emergence of digital data acquisition and processing systems allows pulse shape discrimination to be implemented and dynamically optimised in software form across a wide energy range [6 -8] , or implemented on specialised hardware, such as field programmable gate arrays (FPGAs) or digital signal processors (DSPs). In this work, we present a characterization of the newly developed EJ299-33 scintillator, which is currently being used in the construction of a compact scintillation detector, consisting of a plastic scintillator, coupled to silicon photomultipliers (SiPMs) and read out by an FPGA-based acquisition system.
Experimental setup
The detector used for the characterization of the EJ299-33 plastic consisted of cylindrical scintillator (51 mm diameter x 51 mm) optically coupled to an ETL 9214 12-stage photomultiplier tube and base, supplied by Scionix, and operated at a negative bias of 950 V. For comparative measurements, an encapsulated EJ301 liquid scintillator of the same dimensions was used. Signals from the PMT anode were digitised by a CAEN Vx1761 10 bit digitizer, operating at 4 GS/s with a peak-to-peak range of 1 volt. Custom-built software was used to record data for offline analyses. Neutrons and gamma-rays were provided via a 2 GBq 241 Am-9 Be (Am-Be) radioisotopic source, placed 20 cm away from the detector. Light output spectra were calibrated using gamma-rays from 137 Cs, 22 Na and Am-Be radioisotopic sources.
Pulse shape discrimination

Timing
In order to perform effective PSD, a consistent signal start time t 0 must be defined in a way which minimises effects due to variations in pulse noise, baseline, amplitude and shape. A digital
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where V is the unfiltered signal, N is the filter length, D is the filter offset and f is the filter fraction [9] . The filtered signal is the difference between two moving average filters, with the first filter scaled by f , and the second filter offset by D samples. This produces a bipolar pulse, and t 0 was taken as the time at which the filtered pulse switches polarity, minus a constant offset of 25 ns, in order to include the entire pulse in further calculations.
Charge comparison
For each recorded event, a parameter Q L was calculated by integrating the digitised signal over a 250 ns time interval (t L ), starting from t 0 . The baseline, calculated as an average of 300 samples preceding the leading edge of each pulse, was subtracted to avoid effects of voltage drift. The gamma-rays from 22 Na, 137 C and Am-Be sources were used for scaling Q L to a light output parameter L in units of MeV electron equivalent (MeV ee ). The relationship between Q L and L was found to be linear over the energy range of the calibration sources for both EJ299-33 and EJ301 scintillators, and was assumed to be linear over the energy range of the measurements. A second parameter Q S was calculated by integrating the pulse over a shorter time interval (t S ). A pulse shape parameter S was then defined as
which is the basis of a charge comparison method of PSD. Constants k and C were chosen in order to appropriately scale and offset S. Signals arising from gamma-ray interactions with the detector have a reduced slow decay component in comparison to those arising from neutron interactions. Therefore, a larger proportion of light output occurs within the shorter time interval in gammaray events, leading to higher values of S when compared to neutron events of a similar light output. Statistical fluctuations in pulse shape lead to Gaussian distributions of S for gamma-ray and neutron events with equal values of Q L .
Characterization of EJ299-33 plastic scintillator
4.1 Light output and pulse shape discrimination Fig. 1 shows distributions of events as a function of parameters L and S for events in (a) EJ301 and (b) EJ299-33, when exposed to neutrons and gamma-rays from the Am-Be source. The loci associated with recoiling electrons from Compton scattering events and protons recoiling from n-p elastic scattering are well separated over the full range of L for EJ301, while the loci for EJ299-33 overlap significantly at lower L. The gamma-ray events result mainly from the detection of (a) 4.43 MeV gamma rays from the de-excitation of 12 C in the Am-Be source and (b) 4.43 MeV and 2.23 MeV gamma-rays produced by 12 C(n,n') and 1 H(n,γ)d interactions with polyethylene surrounding the detector. The dotted lines show cuts to separate events associated with neutrons and gammarays. The projections of these selections onto the L-axis are shown in Fig. 2 
. The dashed lines in
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Tests of EJ299-33 Angus Comrie Fig. 1 indicate a cut to select events in the range L = 1.9 to 2.1 MeV ee , which are projected onto the S-axis in Fig. 3(a) . The light output spectra in Fig. 2(a) show that EJ299-33 has a noticeably reduced energy resolution when compared to EJ301. Fig. 2(b) shows that the relative amount of light produced by protons in EJ299-33 is smaller to that of protons in EJ301, and the efficiency for neutron detection is also slightly reduced.
A figure of merit (FoM) is a useful means to provide a quantitative measurement of the separation between the distributions of S for two pulse classes [10] . If these distributions are Gaussian in form, it is reasonable to define a FoM in terms of the mean µ and full width at half maximum
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The short integration time t S was chosen in order optimise the FoM, with typical values of 30 ns and 50 ns for EJ301 and EJ299-33 respectively. Figure 3(b) shows FoM as a function of L for the two scintillators. The FoM for EJ301 remains above 1.0 for energies above 100 keV. The plastic scintillator displays significantly inferior FoMs across the entire light output range of the experiment, with FoM dropping below 1.0 for energies below 600 keV. of events within narrow regions of L and normalised by their total integrals. There is noticeable variation in the pulse shape as a function of L for neutron pulses, which results in the bending of the proton loci (see Fig. 1 ). The tails of the signals in Fig. 4 follow an exponential decay function of the form
Pulse shapes
where τ 1 , τ 2 and τ 3 are the time constants of fast, medium and slow decay components respectively, and A, B and C are their relative weightings. Equation 4.2 was used to fit the average gamma-ray signal, in order to determine the time constants for EJ301 and EJ299-33. These time constants were then used to fit the average signals from L = 1, 2 and 3 MeV ee neutron events, in order to determine the relative weightings. The results are given in Table 1 . The coefficient of determination R 2 is close to unity for each fit, indicating excellent agreement with the data. The two scintillators have similar time constants, but the relative weightings differ. In particular, fit parameter B is much larger in EJ299-33. The difference between the values of fit parameter A for neutron and gamma-ray events in EJ299-33 is far smaller than the difference in EJ301, which results in the inferior PSD performance described in Section 4.1.
Comparison with Geant4 simulation
A new feature added to version 10.0 of the Geant4 Monte-Carlo simulation toolkit [11] is the ability to simulate the time-dependent light output of scintillators. This feature has been previously validated for the simulation of a standard liquid scintillator [12] . In this work, the experimental measurements described in Sections 4.1 and 4.2 are compared to the output of a Geant4 simulation of an EJ299-33 scintillator, coated with a reflective paint and coupled to an ideal PMT. The parameters in Table 1 were used as input to the simulation. Parameters related to total light output response of the scintillator to protons were taken from Lawrence et. al. [13] . Fig. 5(a) compares the simulated and measured average signals produced by gamma-rays and neutrons from 22 Na and
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Tests of EJ299-33 Angus Comrie AmBe sources respectively. There is good agreement between measured and simulated signals for both gamma-ray and neutron signals. Currently, only two decay components can be simulated by the Geant4 toolkit. This limitation is most likely responsible for the small discrepancy between simulated and measured signals in Fig. 5 (a) around t = 50 ns, along with the presence of reflections in the PMT. The use of a simulation capable of reproducing pulse shapes allows the investigation of the effect of changes to detector geometry, wrapping or light collection mechanisms, all of which influence pulse shape discrimination capability. Fig. 5(b) shows the distribution of simulated events as a function of the light output parameter L, and the pulse shape parameter S, showing a clear separation between neutron and gamma-ray events at higher energies, and a similar behaviour to the measured distribution shown in Fig. 1(b) . The absence of bending of the proton locus in Fig.  5(b) is due to a limitation of the Geant4 toolkit, which currently does not allow for an energydependent weighting of the fast and slow scintillation decay components. Future adaptations of the simulation will address the limitations in the Geant4 toolkit mentioned above and will include the effect of photomultiplier response, particularly for use with silicon photomultipliers, which convolute the scintillator response with an additional slow (τ ∼ 100 ns) decay.
Conclusion
A comparison of detectors based on the EJ299-33 plastic scintillator and EJ301 liquid scintillator shows that, while the plastic scintillator displays PSD capability, FoM values are roughly half of those for the liquid scintillator. This inhibits efficient separation of neutron and gamma-ray events at low energies. An investigation into the pulse shapes of the two scintillators shows that the weighting of the fast decay component of scintillation does not differ between proton and electron interactions as significantly in EJ299-33 when compared to EJ301, leading to a lower FoM.
The simulation of pulse shapes using the Geant4 toolkit provides a quantitative method of predicting PSD capability, and is capable of reproducing the pulse shapes and PSD capability of
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Angus Comrie the EJ299-33 scintillator. Future measurements of response of the plastic scintillator to neutrons with energies of up to 100 MeV, produced by a cyclotron facility, will characterise the behaviour of EJ299-33 over a wider energy range, and determine its feasability for use in high-altitude dosimetry.
